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THE ENERGETIC RADIATION ENVIRONMENT IN A
HIGHLY ELLIPTICAL (MOLNIYA) ORBIT

J. B. Blake
Space and Environment Technology Center
The Aerospace Corporation
Los Angeles, CA USA

1. INTRODUCTION

A simple dosimeter has been flown aboard two satel-
lites in Molniya orbits which measures the radiation dose
under 0.69 gm/cm?2 ( = 100 mils) of aluminum. For con-
venience and historical reasons the measurements are
labeled as PLO3 and PLO4. The measurements have
been made almost continuously since August 1983.

A Molniya orbit has an inclination of 63° and a peri-
od of just under 12 hours. The inclination and perigee
are selected such that the argument of perigee does not
change with time, and the satellite remains above the
same two regions of the Earth every day. Perigee is
made as low as possible in order to maximize the dwell
period around apogee.

A satellite in a Molniya orbit encounters a variety of
magnetospheric environments, including the inner zone
with intense fluxes of energetic protons resulting from
the CRAND (cosmic ray albedo neutron decay) process,
the outer zone with high, time-variable fluxes of energet-
ic electrons, the Southern auroral zone, the high-latitude
plasma shect, the magnetosheath, and the interplanetary
medium. From the point of view of electronic systems, it
is the energetic particles which are of primary concern
because of total dose and single event upset consider-
ations.

I1. THE INSTRUMENTS

The two dosimeters were designed, fabricated, and
tested by the Space and Environment Technology Center
of The Aerospace Corporation. Each dosimeter uses a
single silicon surface-barrier detector; its electronic sys-
temn measures the ionization in each silicon disc caused by
the ambient radiation. The geometrical configuration of
the sensor is that of a semi-infinite slab, with only 1/2 of
the 2w solid angle exposed to the ambient environment.
The other 7 solid angle, as well as the rear 27 solid angle
of the slab, is very heavily shielded. Details of the instru-
mentation may be found in Blake and Cox (Ref. 1).

Data are acquired only around apogee, where the
dose rate is nil except in the case of a solar particle
event. Thus, these experiments provide only a measure-
ment of the dose integrated over an orbit.

IIl. RESULTS

Figure 1 is a plot of the dosimeter measurements
between August 1983 and February 1989. Several charac-
teristics of the data are immediately apparent:

1. The dose per day is highly variable.

2. 'The fluctuations in dose are superimposed upon

a baseline dose which varies slowly with time,
both increasing and decreasing.
3. Upon occasion, abrupt enhancements in dose
appear to be periodic, for example, around No-
vember 1984.

4. The “baseline” doses in the two dosimeters in
general are not the same although they exhibit
similar periodicities and magnitudes.
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Figure 1. A plot of the daily dose measurements made between
August 1983 and February 1989.

Figure 2 shows how the perigee altitude varied with
time. This figure, when compared with Figure 1, shows
that the perigee altitude is a major factor in determining
the baseline dose. The baseline dose can be seen to be
inversely dependent upon the perigee altitude. Note also
the comforting fact that when the satellites have the
same perigee altitude, the measured doses are essentially
equal.

This issue can be pursued further. Figure 3 is a plot
of the dose measured from both sensors during August
1987, divided into Atlantic and Pacific orbits. This period
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Figure 2. A plot of the time dependence of perigee altitudes as
a function of time.

was selected because it was a relatively lengthy quiet pe-
riod. (The definition of Atlantic and Pacific orbits is based
upon the longitude of perigee of the host satellite. Both
satellites are stationed at the same longitudes but pass
perigee at different times in a day.) A dramatic differ-
ence can be seen in the dose per orbit, depending upon
both perigee altitude and perigee longitude.
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Figure 3. The measured daily dose is separated into Atlantic
and Pacific (perigee) orbits.

The underlying physics can be seen by plotting the
trajectories of the satellites in B,L space (Figure 4).
Clearly, when perigee is lower, the satellite moves deep-
er into the region occupied by the inner-zone energetic
protons and, because of the effect of the South Atlantic
Magnetic Anomaly, higher fluxes are encountered on the
Atlantic orbit.

An important conclusion may be drawn from these
findings. The baseline dose is largely due to the energetic
protons; the energetic electrons make little contribution to the
baseline dose. As pointed out in Blake and Cox (Ref. 1),
this finding is in conflict with the predictions for a Molni-

ya orbit given by the AE-8 and AP-8 models, and led
them to conclude that the AE-8 model substantially over-
predicts the dose received in a Molniya orbit under the
dosimeter shield of 100 mils of aluminum. This point is
discussed further below.

060
0.551
0.501
0.451
0.401
0.351
0.301
0.254
0.204
0.151
0.101
0.05

1 2 3 4 5 6 7 8 '

Figure 4. This figure shows a representative case of the trajecto-
ries of the two spacecraft in B,L space during August 1987.

The fluctuations in dose seen above the baseline are
not surprising considering the well-known, highly variable
population of energetic outer-zone electrons. Although
not shown here, these enhancements in dose are well
correlated with geomagnetic activity. The periodic large
spikes reoccur at the synodic period of the sun. It was
discovered by Paulikas and Blake (Ref. 2) that such en-
hancements were due to the presence of high-speed solar
wind streams interacting with the magnetosphere of the
Earth(in a way not yet well understood). The reoccur-
rence results when a high-speed solar-wind stream
emitted from a coronal hole is stable over a period of a
few months — every time the stream sweeps over the
Earth the energetic electron populati )n markedly in-
creases a few days later. Such obse.vations have been
discussed further by Baker et al. \Ref. 3).

One of the largest magnetic storms on record oc-
curred in mid-March 1989. This storm caused a major
change in the baseline dese. Figure § is a plot of the
data between May 1987 and May 1989. There was a rela-
tively rapid decreasc in dose in mid-March, followed by a
gradual decay continuing at least until July. As can be
seen by examining the previous time histories of the base-
line dose and the height of perigee (Figures 1 and 2), a
fundamental change has occurred. The magnetic storm
of March 1989 caused a redistribution and/or loss of the
CRAND protons in at least the outer regions (L > ~1.6)
of the inner zone. Mcllwain (Ref. 4) has reported an
abrupt redistribution of energetic protons at the time of a
large storm at somewhat higher L values. The present
measurements do not allow us to determine what oc-
curred in any detail.
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Figure 5. A plot of the dosimeter data acquired between May
1987 and May 1989.

Unfortunately, the further evolution of the dose with
time became confused by the series of large solar particle
events in the August-November time period. Figure 6 is
a plot of the measured dose between March 1989 and
April 1990. The presence of the solar particles can be
seen clearly.
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Figure 6. A plot of the dosimeter data acquired between March
1989 and April 1990.

The data in September 1989 suggest that the decay of
the bascline dose had ended by that time. The data from
December 1989 onwards indicate that the baseline dose
had increased by December but appeared to change little
afterwards. It is possible that the increased baseline dose
has been brought about by the SPAND (solar proton al-
bedo neutron decay) process, and does not indicate a re-
covery of the CRAND protons from the effects of the
March 1989 storm. The limited nature of the dosimeter
measurements can only tantalize us but not supply defini-
tive answers to these questions; they were intended only
to supply engineering information.

The solar particles increased the daily dose up to a
factor of almost 30. Although this is a dramatic increase,
over mission lifetimes measured in years, the solar par-
ticle dose is negligible.

IV. DISCUSSION

The dosimeter aboard the satellite launched in
Aungust 1983 measured an average dose of 4.52 rads/day
over a period of 1996 days; the dosimeter launched in
February 1985 measured an average dose of 4.20 rads
over a period of 1447 days. The difference is not surpris-
ing considering that the satellites were launched into or-
bits with a different perigee phase (cf Figure 2). The
expected dose was calculated using the NASA AE-8 and
AP-8 environmental models to determine the particle
fluence impinging upon the dosimeter and using the
Shieldose program to convert the fluences to a depth-
dose profile. Because only 1/2 of the semi-infinite slab
geometry of the dosimeter was exposed to the space envi-
ronment, the measured doses must be multiplied by 2
when making a comparison with the model calculations.

Table 1 gives the predicted dose for solar minimum,
Table 2, for solar maximum.

Table 1. Solar Minimum Dose —

100 Mils of Aluminum
Perigee Altitude Brems.- Total
and Location e-Dose Dose p-Dose Dose
341 nm-Atlantic  5.60 rads 0.12 412 9.84
341 nm-Pacific 898 0.16 3.30 124
857 nm-Atlantic  5.62 0.12 337 9.11
857 nm-Pacific 114 0.19 1.66 132

Table 2. Solar Maximum Dose —

100 Mils of Aluminum
Perigee Altitude Brems.- Total
and Location e-Dose Dose p-Dose Dose
341 nm-Atlantic  9.86 rads 0.31 411 14.3
341 nm-Pacific  15.5 0.38 329 19.2
857 nm-Atlantic  10.2 031 337 139
857 nm-Pacific 19.2 0.39 1.66 220

A comparison of the two tables shows that the pre-
dicted proton doses are independent of position in the
solar cycle but that the predicted electron doses are sub-
stantially larger at solar maximum. If one compares the
data in Figure 3 with the total doses given in Table 1 and
Table 2, one can see that there are very large discrepan-
cies in magnitude, altitude, and longitude dependence.
There simply is no fit between prediction and measure-
ment!

However, if one compares the data in Figure 3 with
only the proton dose in Table 1 and Table 2, a good fit




can be seen. The 341 nm-Atlantic rev shows the largest
dose, the 341 nm-Pacific and the 857 nm-Atlantic revs are
essentially identical, while the 857 nm-Pacific rev shows
the smallest dose. The measured doses are somewhat
higher, perhaps 30% (remember the factor of 2 required
to compare measurement with prediction discussed pre-
viously). This is compelling evidence that the dose re-
ceived by a satellite in a Molniya orbit is dominated by
the inner-zone protons during quiet times.

Tables 1 and 2 show that the predicted electron doses
are substantially higher at solar maximum. In Figure 7,
the daily dose is plotted for just the {irst satellite
launched for greater clarity. If one mentally subtracts
the baseline dose due to protons, it can be seen that the
greater electron dose rates were not observed around
solar maximum but rather in the 1984 and 1985 time peri-
od, during the approach to solar minimum.
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Figurc 7. A plot of the dosimeter data from PLO3 which ilius-
trates the time periods when the daily dose was enhanced.

V. CONCLUSIONS

The dosimeter measurements discussed in this report
indicate that the AP-8 models lead to dose predictions
consonant with the observations but that the AE-8 mod-
els do not. It must be noted this result is for a single
shielding thickness, 100 mils of Al, and for a single orbit,
a Molniya orbit.

One could argue that there might be uncertainties in
the absolute calibration of the dosimeters which might
lead to discrepancies between observations and predic-
tions. However, the temporal, spatial, and altitude de-
pendence of the observed dose is in disagreement with
the electron predictions, and these discrepancies are not
eliminated by postulating an uncertainty in the dosimeter
sensitivity.

REFERENCES

1] J. B. Blake and J. E. Cox 1989, The Radiation in a Molni-
ya-Type Orbit, in High Energy Radiation Background in
Space, Eds. A. C. Rester, Jr. and J. 1. Trombka, AIP Con-
ference Proceedings 186, American Institute of Physics,
New York, 297.

[2] G. A. Paulikas and J. B. Blake 1979, in Quantitative Mod-
eling of Magnetospheric Processes, Ed. W. P. Olsen, Geo-
physical Monograph Series 21, American Geophysical
Union, Washington,180.

[3] D.N. Baker, J. B. Blake, R. W. Kiebesadel, and P R. Hig-
bie 1986, Journal Geophysical Research, 89,4265.

{4] C. E. Mcllwain 1965, Redistribution of Trapped Protons
during a Magnetic Storm, Space Research, 5, 374.




TECHNOLOGY OPERATIONS

The Acrospace Corporation functions as an “architect-engineer” for nat:onal security programs,
specializing in advanced military space systems. The Corporation’s Technology Operations supports the
effective and timely development and operation of national security systems through scientific researci,
and the application of advanced technology. Vital to the success of the Corporation is the technical staff’s
wide-ranging expertise and its ability to stay abreast of new technological developments and program
support issues associated with rapidly evolving space systems. Contributing capabilitics are provided by
these individual ‘Technology Centers:

Electronics Technology Center: Microclectronics, solid-state deviee physics. V1SI
reliability. compound semiconductors, radiation hardening, data storage technologies.,
infrared detector devices and testing: electro-optics, quantum clectronics, sohd-state
lasers, optical propagation and communications: ¢w and pulsed chemical laser
development. optical resonators, beam control. atmospheric propagation, and lascr
effects and countermeasures: atomic frequency standards, apphied laser spectroscopy.
taser chemistry, laser optoelectronies, phase conjugation and coherent imaging, solar
cell physics. battery electrochenustry. battery testing and evaluation,

Mechanics and Materials Technology Center: Evaluation and characterization of new
materials: metals. allovs, ceramies, polymers and their composites, and new forms of
carhon: development and  analysis of thin films and deposiion  techniques:
nondestructive  evaluation, component failure analysis and  rehability:  {racture
mechanics and stress corrosion: development and evaluation of hardened components;
analysis and evaluation of materials at cryogenic and clevated temperatures: launch
vehicle and reentry flurd mechanics. heat transfer and flight dynamics: chenncal and
clectric propulsion: spacecraft structural mechanics, spacecraft survivabibity and
vulnerability  assessment:  contamination, thermal and  structural control;  high
temperature thermomechanies, gas kineties and radiation: lubrication and surface
phenomena.

Space and Environment Technology Center: Magnetospheric, auroral and cosmic ray
physics. wave-particle iterachions, magnetosphence plasma waves: atmosphernic and
ionospheric physics, density and composition of the upper atmosphere, remote sensing
using atmospheric radiation: solar physics. infrared astronomy. infrared signature
analysis; effects of solar activity, magnetic storms and nuclear explosions on the carth's
atmosphere. jonosphere and magnetosphere: effects of electromagnetic and partieulate
radiiions on space systems; space instrumentation: propellant chenustry. chemcal
dynamies. environmental chemiustry, trace detection: atmospheric chemical reactions,
atmospheric optics, ight scattering, state-specific chemucal reactions and radiative
signatures of missile plumes, and sensor out-of-ficld-of-view rejection




